B1-NaCl-structure CrN͑001͒ layers were grown on MgO͑001͒ at 600°C by ultrahigh vacuum reactive magnetron sputter deposition in pure N 2 discharges. X-ray diffraction analyses establish the epitaxial relationship as cube-on-cube, (001) CrN ʈ (001) MgO with ͓100͔ CrN ʈ ͓100͔ MgO , while temperature-dependent measurements show that the previously reported phase transition to the orthorhombic P nma structure is, due to epitaxial constraints, absent in our layers. The resistivity increases with decreasing temperature, from 0.028 ⍀ cm at 400 K to 271 ⍀ cm at 20 K, indicating semiconducting behavior with hopping conduction. Optical absorption is low (␣Ͻ2ϫ10 4 cm Ϫ1 ) for photon energies below 0.7 eV and increases steeply at higher energies. In situ ultraviolet photoelectron spectra indicate that the density of states vanishes at the Fermi level. The overall results provide evidence for CrN exhibiting a Mott-Hubbard type band gap.
I. INTRODUCTION
CrN has received considerable interest over the past several years due to its high hardness and corrosion resistance, and its corresponding potential for applications as hard, wear-, and corrosion-resistant coatings. Nevertheless, most fundamental physical properties of single-crystal CrN are still unknown and reported results on electronic transport in CrN are contradictory and do not provide a clear picture of the electronic structure of this material.
At room temperature, CrN is paramagnetic and exhibits the B1 NaCl structure. However, a magnetic and structural phase transition, with a Néel temperature T N ϭ273-286 K, leads to an unusual antiferromagnetic orthorhombic P nma phase in which pairs of ferromagnetic ͑FM͒ (11 0) planes have alternating spin directions. [1] [2] [3] [4] The P nma phase has been identified by Corliss et al. 1 based on temperature-dependent neutron scattering from CrN powder samples which were obtained by nitriding Cr at 1100°C using NH 3 . Their results were confirmed by several other groups, who also showed that the phase transition is accompanied by a 0.56%-0.59% increase in the atomic density, 2, 4 exhibits hysteretic behavior, 3, 4 and results in a peak in the magnetic susceptibility near T N . 1, 4 Similar results, with a peak in at 260-280 K, were obtained from CrN samples synthesized by ammonolysis of Cr 2 S 3 ͑Ref. 5͒ and reactive sputtering. 6 Para-, ferro-, and antiferromagnetic phases in CrN have also been investigated using spin density functional theory. 7, 8 It was found that the structural transition stabilizes the experimentally observed antiferromagnetic phase and that the shear stress leading to the transition from NaCl structure to orthorhombic P nma has a purely magnetic origin.
While the magnetic and structural phase transitions in CrN are well established experimentally, and theoretical models for their explanation are developed, no consensus has been reached yet concerning electronic transport behavior in CrN. Reported values for room temperature resistivity vary by more than six orders of magnitude, ranging from 3 ϫ10 Ϫ4 to 6ϫ10 2 ⍀ cm. 4 -6,9-12 However, all results up until now were obtained from powder samples or polycrystalline thin films, where contributions due to nonstoichiometry, grain boundaries, impurities, extended defects, sample geometry, and density are unknown and may be dominant factors. The temperature dependence of is also controversial. One group reports metallic behavior, d/dTϾ0, 4 in agreement with results from spin density functional calculations predicting Ӎ 0.025 carriers of each sign per formula unit in pockets of the Fermi surface. 7 In contrast, other investigators find that increases at low temperature, indicative of semiconducting behavior, 5,6,10,11 although Tsuchiya et al. 6 attributes the results in their case to grain boundary scattering with intrinsic CrN remaining metallic. Additionally, two investigations also report a drop in (T) of 30%-70% at the Néel temperature. 4, 6 In an attempt to resolve the question of whether CrN is metallic or semiconducting, we have grown single-crystal CrN layers on MgO͑001͒ and measured optical and electronic transport properties. X-ray diffraction ͑XRD͒ analyses show that the layers are single-phase epitaxial NaCl-structure CrN. In situ valence-band photoelectron spectroscopy indicate that the density-of-states ͑DOS͒ vanishes at the Fermi level E F , while optical absorption is low at hр0.7 eV. (T) increases by Ӎ4 orders of magnitude as T is decreased from 400 to 20 K. The overall results show that CrN is a semiconductor with a negligible DOS(E F ).
II. EXPERIMENTAL PROCEDURE
CrN layers, 0.5 m thick, were grown in a load-locked multichamber UHV stainless-steel dc magnetron sputter deposition system described in detail in Ref. 13 was measured by a capacitance manometer and maintained constant with an automatic mass-flow controller.
Sputtering was done at a constant power of 150 W in a magnetically unbalanced mode, achieved using an external pair of Helmholtz coils. 13 These conditions resulted in a film deposition rate of 1.4 m h Ϫ1 . A combination of Langmuir probe, 13 growth rate, and film composition measurements showed that the ion-to-Cr ratio incident at the substrate was 10 with an ion energy of 12 eV.
14 Ion irradiation was essentially monoenergetic since the charge-exchange mean-free path 15 was approximately a factor of 10 larger than the substrate sheath width. From previous glow discharge mass spectroscopy measurements, 16 the ion flux consists primarily ͑Ͼ96%͒ of N 2 ϩ . The substrates were polished 1ϫ1ϫ0.05 cm 3 MgO͑001͒ wafers which were cleaned as described in Ref. 17 . They were then mounted on resistively heated Ta platens and inserted into the sample introduction chamber for transport into the deposition chamber. Final cleaning consisted of thermal degassing at 800°C for 1 h, a procedure shown to result in sharp MgO(001)1ϫ1 reflection high-energy electron diffraction patterns. 17 The target was sputter etched for 5 min, with a shutter shielding the substrate, prior to initiating deposition. The film growth temperature, 600°C including the contribution due to plasma heating, was measured using a pyrometer calibrated by a thermocouple bonded to a CrNcoated MgO substrate.
The composition of the CrN layers was measured by 2 MeV He ϩ Rutherford backscattering spectroscopy ͑RBS͒ and the spectra analyzed using the RUMP simulation program. 18 All layers were found to be stoichiometric with N/Cr ratios of 1.00Ϯ0.03. No impurities were detected by either RBS or x-ray photoelectron spectroscopy. Film microstructures were investigated by -2, rocking curve, and -scan XRD measurements in a high-resolution Philips MRD diffractometer with a Cu K ␣1 source.
Temperature-dependent resistivity measurements were performed using a four-point probe with evaporated Al contacts patterned in the van der Pauw geometry. Optical transmittance and reflectance spectra were obtained over the wavelength range between 800 and 2500 nm using a PerkinElmer Lambda 9 spectrophotometer with an integrating sphere for light collection. Spectral intensity distributions were calibrated using the reflectance spectrum from an undoped single-crystal Si͑001͒ wafer.
The CrN valence band DOS was investigated by in situ ultraviolet photoelectron spectroscopy ͑UPS͒. Following film growth, the CrN͑001͒ layers were transferred in UHV to an attached Physical Electronics PHI 5400 photoelectron spectrometer and He I ͑21.2 eV͒ spectra were acquired. The UPS source was incident at an angle of 50°while the electron detector had an acceptance angle of 22°and was positioned perpendicular to the sample surface.
III. RESULTS
A narrow portion of a typical XRD -2 scan from a 0.5-m-thick CrN/MgO͑001͒ sample is shown in Fig. 1 . The only detectable peaks over a scan range between 20°and 80°2 are the MgO 002 substrate peak at 42.915°(a MgO ϭ4.211 Å) and the CrN 002 layer peak at 43.298°. The latter corresponds to a CrN lattice constant a Ќ along the film growth direction of 4.176 Å. The absence of any additional peaks shows that the layer is single phase and 002 oriented. XRD scans about the azimuthal direction , obtained in the parallel-beam mode with and 2 angles optimized for the 220 peaks of MgO and CrN at a tilt angle of 45°with respect to the surface normal, exhibit four 90°-rotated 220 peaks at the same angular positions for both MgO and CrN ͑left inset in Fig. 1͒ . The combination of the two sets of results show that the film is epitaxial with a cube-on-cube relationship to the substrate, (001) CrN ʈ (001) MgO and ͓100͔ CrN ʈ ͓100͔ MgO .
A CrN 002 -rocking curve is shown in the right inset of Fig. 1 . The full width at half maximum ⌫ is 0.16°. Reported ⌫ values for other epitaxial NaCl-structure TM nitrides, 0.6 and 0.9°for TaN͑001͒ and ScN͑001͒, 19, 20 respectively, are factors of 4 and 6 larger than that for CrN, indicative of the high crystalline quality of our CrN͑001͒ layers.
The relaxed lattice constant, a 0 ϭ4.162Ϯ0.008 Å, of NaCl-structure CrN was determined using high-resolution reciprocal lattice mapping about the asymmetric 113 substrate reflection. This is within the range of previously reported values, 4.133-4.185 Å, obtained from polycrystalline layers and powder samples.
21-25
-2 XRD scans were acquired as a function of temperature T between 100 and 300 K in order to search for a possible unit cell volume change signaling a structural phase transition. The CrN lattice constant a Ќ along the growth direction was found to decrease approximately linearly with T from 4.178 Å at 100 K to 4.176 Å at 300 K. This rather small linear change of 0.002 Å in lattice constant as a function of T argues against the occurrence of a structural phase transition in our epitaxial CrN layers, since the reported unit cell volume change of 0.56%-0.59%, attributed to the phase transition in CrN, would correspond to a 4ϫ larger change in lattice constant, 0.008 Å, over a narrow temperature range of only a few degrees. Figure 2 shows the results of our in situ valence-band UPS measurements. The CrN spectrum exhibits a doublet feature with peaks at binding energies of 5.0 and 6.5 eV arising from valence band electron states which have primarily N 2p character. This is in excellent agreement with DOS calculations showing a strong peak at 5 eV and a weaker one at 6.5 eV. 7, 26 The peak at 1 eV below the Fermi level in Fig.  2 is attributed to states which have primarily Cr 3d character. The measured intensity decreases smoothly at binding energies below 1 eV to vanish at 0 eV. This rate of intensity decrease is considerably less steep than what is measured for metallic samples as shown, for example, by the VN UPS data around E F 27 which is also presented in Fig. 2 . We acquired the VN results ͑shifted up in intensity for clarity͒ under conditions identical to those used with CrN. The VN spectrum exhibits an abrupt Fermi edge with a width, defining the measurement resolution, of only 0.2 eV. Thus, the intensity decrease observed in the CrN spectrum between 1 and 0 eV corresponds to an actual reduction in the CrN DOS at E ϽE F with the DOS vanishing at E F .
Our results are in strong contradiction to the nonspinpolarized band structure calculations of Papaconstantopoulos et al. which predict a CrN DOS peak at E F . 26 However, more recent calculations by Filippetti et al. 7 are in better agreement with our data. They show that magnetic ordering leads to carrier depletion within Ӎ 0.5 eV around E F , with DOS(E F ) being only 10%-20% of the DOS at the Cr 3d peak, which they predict to occur around 0.5 eV. Our measured peak position is, however, at 1.0 eV indicating that the carrier depletion region around E F is actually larger than predicted in Filippetti et al.'s calculation and that CrN consequently may exhibit a band gap. Figure 3͑a͒ shows optical transmittance T(h) and reflectance R(h) spectra obtained over the photon energy range 0.5 eVрhр1.5 eV from a 0.5-m-thick CrN/ MgO͑001͒ layer. The R(h) spectrum shows strong interference fringes at hՇ0.8 eV, indicating, in agreement with nonzero T(h) values, significant transmission at low photon energies. The absorption spectrum ␣(h) in Fig. 3͑b͒ was calculated from our R(h) and T(h) data using the following expression which neglects multiple internal reflections:
where t is the layer thickness. ␣ is small, less than 2 ϫ10 4 cm Ϫ1 , at photon energies below 0.7 eV and increases approximately linearly with hϾ0.7. The absorption at low energies is more than an order of magnitude lower than typical values from other NaCl-structure transition metal nitrides. For example, ␣ is greater than 2.5ϫ10 5 cm Ϫ1 over both the intra-and interband transition regions of TiN. 29 Thus, the low ␣ we observe for CrN at hр0.7 eV indicates the absence of both interband transitions and free carrier absorption, in agreement with resistivity data presented later. We attribute the residual absorption at hр0.7 eV to crystalline defects, possibly N vacancies.
The resistivity of single-crystal CrN͑001͒ between 20 and 400 K is plotted in Fig. 4 . At 300 K, ϭ7.7 ϫ10 Ϫ2 ⍀ cm. This is within the wide range of previously reported values, 3ϫ10 Ϫ4 to 6ϫ10 2 ⍀ cm, obtained from polycrystalline CrN x powders and thin films. 4 -6,9-12 (T) in Fig. 4 increases with decreasing temperature, ranging over four orders of magnitude from 2.7ϫ10 2 ⍀ cm at 20 K to 2.8ϫ10 Ϫ2 ⍀ cm at 400 K. The steep increase in (T) with decreasing T indicates that CrN is a semiconductor. This is in contradiction to predictions from bandstructure calculations 7, 8, 26 and one experimental report, 4 but in agreement with other experimental investigations. The (T) curve in Fig. 4 is smooth with no indication of an abrupt change in , as reported by some researchers, due to a phase transition. 4, 6 The discontinuity in (T) at T N observed by these investigators may, as proposed, 4, 6 be directly assignable to the structural phase transition from cubic to orthorhombic, but could also be a secondary effect related to changes in grain boundary and/or sample geometry resulting from changes in unit cell shape and volume during the phase transition. In any case, our epitaxial CrN͑001͒ layers exhibit, as discussed above, no structural phase transition and consequently also no discontinuity in (T).
The inset in Fig. 4 is a semilogarithmic plot of vs T 1/2 which exhibits a straight line relationship at T 1/2 տ0.1, corresponding to TՇ100 K. Thus, (T) can be fit at low T using the expression
derived for hopping conduction in the presence of coulomb repulsion between carriers. 30, 31 Here, T 0 is a constant which depends on both the dielectric permittivity of CrN and the localization radius of the electron states. The line through the data, obtained using Eq. ͑2͒, yields a T 0 value of 1800 K, corresponding to an energy k B T 0 ϭ0.16 eV. This is comparable to the reported value, T 0 ϭ1080 K, for P-doped Si (n ϭ2.5ϫ10
18 cm Ϫ3 ), whose (T) behavior is also described by Eq. ͑2͒ at low T. 31 Thus, electronic transport in our CrN͑001͒ layers has a temperature dependence consistent with hoping conduction through localized states, most likely due to N vacancies acting as donors.
IV. DISCUSSION
High-resolution -2 and -scan x-ray diffraction results clearly show that our CrN layers are NaCl-structure single crystals which have a cube-on-cube epitaxial relationship with the substrate, (001) CrN ʈ (001) MgO and ͓100͔ CrN ʈ ͓100͔ MgO . Moreover, T-dependent XRD measurements provide no evidence for a structural phase transition occurring over the temperature range between 100 and 300 K. We attribute the absence of the NaCl-to-orthorhombic transition, previously reported for polycrystalline CrN, to the epitaxial constraint that our single crystal CrN layers experience. The MgO substrate remains cubic as T is varied, thus inhibiting the phase transition in CrN. That is, the in-plane translation vectors of the epitaxial CrN unit cell are fixed, only the lattice constant in the growth direction is free to relax in response to thermally induced strain.
While our epitaxial CrN layers do not exhibit a structural phase transition as observed in polycrystalline samples at T N ϭ273-286 K, we cannot deduce, based upon our T-dependent XRD data, whether magnetic ordering occurs. The spin-density calculations by Filippetti et al. 7, 8 show that the structural distortion of the unit cell during the cubic-toorthorhombic phase transition is due to magnetic stress driven by the antiferromagnetic ͑AFM͒ ordering and does not take place in the absence of a magnetic transition. However, magnetic ordering can occur in the cubic phase without lattice distortion. Here, CrN would exhibit antiferromagnetic ordering with single FM planes having alternating spin along ͓11 0͔. This case has been predicted to be 34 meV per formula unit more stable than for magnetic ordering with alternating pairs of FM sheets as in the distorted orthorhombic phase. 7, 8 Therefore, if magnetic ordering occurs in epitaxial CrN͑001͒ layers, it most likely exhibits an AFM phase with alternating spin along ͓11 0͔, a different ordering than that observed in polycrystalline powder samples which exhibit a structural phase transition.
We do not observe a significant change in lattice constant between 100 and 300 K indicating that if T N is in this temperature range for cubic CrN/MgO͑001͒, magnetic ordering alone does not lead to a change in unit-cell volume. This is reasonable since short range interactions, which determine interatomic distances, still exist even in the absence of longrange magnetic ordering (TϾT N ).
Our CrN valence-band photoelectron spectrum in Fig. 2 consists of peaks at 5 and 6.5 eV below E F , due to N 2p bands, and a peak at 1 eV, due to Cr 3d bands. The N 2s bands, predicted to have binding energies between 15 and 17 eV, 7 are outside the measured energy range. CrN has 11 valence electrons per formula unit; 8 of them fully occupy the bands associated with N 2s and 2p orbitals. The remaining three electrons partially fill the Cr 3d bands. In cubic crystals, the five degenerate d orbitals split into three-fold and two-fold degenerate states with t 2g and e g symmetry, respectively. If both the crystal splitting of t 2g and e g states and the splitting of up and down spins, due to Hund's rule, are sufficiently large to separate individual bands, then the DOS can exhibit a band gap and CrN becomes a semiconductor. In that case, each Cr-site is occupied by three electrons in t 2g -type orbitals having the same spin orientation, in agreement with spin-density functional calculations 7 showing that the occupied 3d bands have primarily t 2g symmetry.
The calculated DOS in Ref. 7 , however, predicts metallic behavior with nonvanishing DOS(E F ) and a Cr 3d peak only 0.5 eV below E F . This is in contradiction to our UPS data in Fig. 2 with DOS(E F )Ӎ0 and a peak at 1.0 eV below E F . Thus, our results indicate that the band splitting is larger than calculated and that CrN actually exhibits a band gap. In addition, our optical spectroscopy results in Fig. 3 , showing an optical gap of Ӎ0.7 eV, are consistent with the UPS data indicating a splitting between occupied and empty states. Underestimation of band gaps is typical for density functional calculations and is related to the local spin density approximation which leads, due to valence-electron selfinteraction, to less localized valence states whose energies are too high. 32 Additionally, electron correlations in d-electron materials are significant and are likely to be insufficiently accounted for by density functional based approaches. Figure 4 shows that the resistivity of single crystal CrN increases by four orders of magnitude as the temperature is decreased from 400 to 20 K. This provides additional strong evidence that CrN exhibits a band gap. The low temperature (TՇ100 K) resistivity data are consistent with a hopping conduction mechanism and we attribute the carriers to N vacancies which are expected to act as donors.
We expect the existence of a band gap, and consequently the semiconducting behavior of epitaxial CrN, to be independent of magnetic ordering. This follows the definition of a Mott insulator, 30 or a Mott-Hubbard insulator, 33 where the gap is determined by the Hubbard energy and not the crystal structure. That is, the insulating ͑semiconducting͒ state depends upon the existence of moments, but not on whether they are ordered. Consequently, the occurrence of magnetic ordering in epitaxial CrN͑001͒ layers cannot be observed by (T) measurements.
In summary, epitaxial CrN/MgO͑001͒ layers retain their cubic NaCl structure, due to the coherency constraint, and do not exhibit a cubic-to-orthorhombic phase transition. Temperature-dependent resistivity measurements reveal semiconducting behavior with hopping conduction, indicating the existence of a band gap in the CrN DOS. This is supported by photoelectron spectroscopy results showing that DOS(E F )Ӎ0 and by an optical gap of Ӎ0.7 eV. Magnetic ordering may occur, however, it does not affect unit cell volume or electrical resistivity, consistent with a Mott-type insulator, where the insulating ͑semiconducting͒ state, and therefore also the band gap, is determined by the Hubbard energy. 
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